cyan-colored cylinder in
) and the central DNA base pairs with the ␣-strand sequence d-C 6 C 7 A 8 T 9 T 10 (yellow bases in Figure 1 ), the amino acid side chains strands are denoted ␣ and ␤; the base pairs are identified by their position in the 14-base pair duplex, with numerof Ile-47 (yellow), Gln-50 (pink), Asn-51 (gray), and Met-54 (green) contact DNA bases. In the MD simulation, ation of the ␣ strand in the direction 5Ј-3Ј). In keeping with the main focus on protein-DNA contacts and hydrawhich started from the configuration of the complete protein-DNA-water system shown in Figure 2 , equilibration in the major groove, we eliminated those parts of the polypeptide and the DNA duplex that are neither tion by adjustment of the macromolecular structure to the new environment characterized by the water bath essential for the global architecture nor involved in major groove contacts (Billeter et al., 1993) . The resulting comand the force field used (see Experimental Procedures) was reached within 100 picoseconds (ps). The structure plex, with the polypeptide fragment 3-56 and the central nine base pairs 4-12 (Figure 1) , was placed in an ellipof the complex taken after 100 ps differs from the starting structure by a root mean square deviation (rmsd) of soid-shaped water bath in such a way that the minimal distance from the surface of the complex to the outer 2.3 Å for all heavy atom positions and by 1.8 Å for the heavy atom positions of residues 43-54 in the recogniboundary of the water bath was 6 Å (Figure 2) . The atomic coordinates for the starting structure of the comtion helix and the central five base pairs 6-10. Motions of this interface during the 1.9 ns trajectory following plex were taken from the NMR structure (Billeter et al., 1993) . With this "truncated" complex, and using the new the equilibration period are illustrated in Figure 3 , which shows a superposition of 20 snapshots taken at intervals program OPAL (P. Luginbü hl, P. Gü ntert, M. Billeter and K. Wü thrich, unpublished), which is optimized for this of 100 ps. The fluctuations about the mean positions of the heavy atoms exceed 1.0 Å in only a few instances. type of calculation on supercomputers (for details, see Experimental Procedures), a 2 ns MD simulation could
The largest motions occur for the C-terminal turn of the recognition helix and for base pair 6. Although no be performed with reasonable use of computing time.
experimental constraints were imposed during the simulation, only 60 out of the 1140 distance constraints that Survey of the 2-Nanosecond MD Trajectory Figure 1 shows that the DNA-bound protein is folded into were used for the determination of the NMR structure of this complex (Billeter et al., 1993) are on a time average a globular structure consisting of three helical regions each. In Table 1 Figure 9A . While many of these contacts are "nonspecific" in the sense that they are both very short lived 100 ps, with a maximum of almost 300 ps for the interaction between the side chain oxygen of Gln-50 and the and have low populations (lower left corner of Figure  9A ), other "specific" contacts are formed repeatedly and N4 atom of C 7 .
The time courses of two of the contacts in Table 1 thus reach a high population. For comparison, data are also given for salt bridges between arginines and lysines during the 2 ns MD simulation are shown in Figure 7 . The hydrophobic interaction between the ␦-methyl group of of the recognition helix and DNA phosphate groups. The observed trend to longer lifetimes is consistent with the Ile-47 and the methyl group of T 8 ( Figure 7B ) is an example of a highly populated contact with short tmax. For notion that these salt bridges undergo a more stable type of interaction than the amino acid side chain-DNA almost the entire duration of the simulation, this contact distance is between 3.5 and 5.5 Å , i.e., it represents a base contacts. rather rigid local structure. The hydrogen bond between the side chain of Gln-50 and the N4 atom of C7, which Hydration Water and Water-Mediated Protein-DNA Interactions is a highly populated contact with rather long tmax, shows motions with amplitudes of several angstroms and periIn the MD simulation, the water-water hydrogen bonds are very short lived, in the range of the time resolution ods of several hundred picoseconds (Figure 7C ), which represent more pronounced local flexibility than in the given by the sampling of the trajectory at 1 ps intervals. Water molecules that interact with the surface of the example of Figure 7B . contacts there are longer-lived interactions with water molecules that penetrate the protein-DNA interface, which are further analyzed in the following. a corresponding statistical analysis for water molecules that mediate protein-DNA hydrogen bonds. For waterAs a complement to Figure 5 , which visualizes the pathway of a specified water molecule (large yellow mediated protein-DNA interactions the values for both the maximal lifetimes and the populations are comparasphere in Figure 2) , Figures 7D and 7E show the time evolution of hydrogen bonds formed simultaneously by ble to those for direct hydrogen bonding interactions between the macromolecules, but the values for P rel and a given water molecule with atom groups of both the protein and the DNA. Similar to the direct protein-DNA t max are higher than for direct hydrophobic contacts (Figure 9A) . The contact map of Figure 8 shows that watercontacts, rapid fluctuations on the picosecond time scale are superimposed on slower motions in the 100 mediated hydrogen bonds connect Gln-50 and Asn-51 to the same DNA bases as the direct contacts but also ps range. A structure where a water molecule mediates a protein-DNA interaction is manifested in a snapshot extend the interaction network to additional bases. Clearly, all the interactions indicated in Figure 8 do not taken after 1061 ps, where the two distances from the water oxygen to the side chain nitrogen of Gln-50 and occur simultaneously, but they rather form a network that is fluctuating with time. For clarity, it should also to the oxygen at position 4 of T8 are 3.1 and 2.8 Å , respectively. Figure 9B correlates maximal lifetimes and be added that the observation of outstandingly high populations in Figure 9 , which correspond to up to 1600 corresponding populations of contacts between water molecules and selected amino acid side chains in the out of the total of 1900 snapshots, and rather short maximal lifetimes reflects also movements of water molprotein-DNA interface (Figure 1) . It is seen that "specific" contacts have typical populations of 20%-50%, and typecules within the protein-DNA interface, rather than exclusively multiple entries of individual water molecules ical maximal lifetimes of 100-400 ps, with extreme values of P rel ϭ 80% and t max ϭ 800 ps. Figure 9C presents into the interface.
Discussion trajectory is consistent with the NMR data, and in addition provides a picture of the reaction pathways linked to the frequencies measured by NMR. It further gives Specific interactions between different macromolecules, such as the recognition of specific DNA sequences by some leads for the interpretation of the range between the upper and lower bounds on the lifetimes of the hyproteins, rely largely on the complementarity of the interacting surfaces. In this context, complementarity of two dration waters in the protein-DNA interface defined by the NMR measurements. The implication from the MD molecules is not restricted to steric matching, but more generally includes favorable intermolecular interactions simulation is that the actual lifetimes of these waters are rather close to the lower limit of 1 ns. This high that may result from a particular surface distribution of charges, matching regions of different polarity, and mobility leads to a constantly ongoing interchange between a large number of different interaction networks, distribution of donor and acceptor groups for hydrogen bonds. The assumption of rigid intermolecular interfaces and we have to conclude that the observed specificity of the intermolecular recognition is in part the result of in a complex, as described by models referred to as "lock-and-key," or by the final result of an "induced fit" the ensemble of these rapidly interconverting nonbonding structures. The special role of the solvent must be process, may often not take proper account of entropy considerations. The increase in free energy that would largely based on the small size of the water molecule and its ability to form up to four hydrogen bonds. Water result from complete immobilization of amino acid side chains on the protein surface, upon interaction of this molecules appear to act not only as building blocks to improve the complementarity of the interaction surfaces surface with another molecule, can be a high price to pay for ideal geometry of the intermolecular interactions.
of the protein and the DNA, but also as a lubricant to reduce entropic costs arising when a dense network of Indications of residual mobility of amino acid side chains in intermolecular interfaces emerge from the ability of interactions is required for highly specific macromolecular recognition. This would also be supported by the certain proteins to adapt to a range of different interaction partners, as has been demonstrated in protein-DNA conclusion of Dunitz (1994) The model of the Antp HD-DNA complex that emerges N-terminal and 11 C-terminal residues of the protein, as well as a total of 5 base pairs near the 2 ends of the DNA duplex, were from the analysis of the presently described 2 ns MD
